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The intensity of acidosis differentially alters the pathways of ammoni-
agenesis in LLC-PK1 cells. Utilizing [5-'5N] and [2-'5N]-labeled glu-
tamine and gas chromatography mass spectrometry methodology, we
examined the pathways of ammoniagenesis under basal and acute
acidotic conditions of pH 7.0 and pH 6.8, respectively. LLC-PK1
cultures were incubated for one hour with gentle rocking in a bicarbon-
ate buffer of pH 7.4, pH 7.0, or pH 6.8 supplemented either with [5-'5N}
or [2-'5N] glutamine at 37°C in a 5% C02/95% air incubator atmosphere.
Incubation of cultures with [5-'5N] glutamine at pH 7.4 resulted in a
substantial amount of '5N ammonia formation which was not signifi-
cantly altered by incubations at pH 7.0. By contrast, exposure to pH 6.8
significantly increased '5N ammonia formation in comparison with its
production at pH 7.0 or 7.4. However, '5N ammonia production from
[2-'5N] glutamine was significantly stimulated at pH 7.0 and was further
increased at pH 6.8. Incubation of the cells with [2-'5N] glutamine
resulted in a substantially lower amounts of 15N ammonia formation
than produced with [5-'5N] glutamine. Alanine formation from [2-'5N]
glutamine increased significantly at pH 7.0; but in contrast to '5N
ammonia formation, pH 6.8 had no additional stimulatory effect on 15N
alanine formation. Cells incubated with [2-'5N] glutamine resulted in a
significant decrement in '5N glutamate production at both pH 7.0 and
6.8 when compared with pH 7.4. '5N aspartate formation was unaltered
by the changes in media pH. These studies indicate that while increased
'5N ammonia formation at pH 7.0 comes entirely from GLDH flux, the
pH 6.8-induced increase in ammonia formation is derived from en-
hanced flux through both the mitochondrial GLDH and PDG pathways.
Thus the severity of an acute acidotic stimulus plays a major role in the
regulation of the pathways of ammoniagenesis.
Studies utilizing different experimental models have yielded
conflicting results in regard to the specific steps in glutamine
metabolism or ammoniagenesis altered by acute acidosis [1, 2].
Isolated canine renal mitochondria, studied under conditions
where glutamate metabolism is inhibited, exhibit either inhibi-
tion or stimulation of flux through phosphate-dependent gluta-
minase (PDG) depending upon the composition of the extrami-
tochondrial buffer system [3, 4]. Ammonia production by rat
renal mitochondria is inhibited by a low pH regardless of the
buffer system utilized [5—8]. However, when a-ketoglutarate is
added to the incubation medium, a low pH stimulates ammonia
production entirely as a result of increased flux through gluta-
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mate dehydrogenase (GLDH) [9]. Of interest, a low pH stimu-
lates glutamine transport by rat submitochondrial particles [101.
Studies of intact renal tissue and cultured renal tubular
epithelium have been equally confusing. Using 15N labeled
glutamine to delineate the metabolic pathways of ammoniagen-
esis, Nissim and co-workers found that a low pH exclusively
stimulated flux through GLDH by both cultured rat and human
proximal tubular epithelium [11, 12]. To the contrary, Bogusky
and Dietrich reported that acute acidosis stimulated ammoni-
agenesis by the isolated perfused rat kidney entirely as a result
of enhanced flux through PDG [13]. More recently, utilizing
[5-'5N] and [2-'5N]-labeled glutamine we reported that an acute
reduction in extracellular pH from 7.4 to 7.0 stimulated ammo-
nia formation by cultured LLC-PK1 cells entirely as a result of
increased flux through the mitochondrial GLDH pathway [14].
In an attempt to clarify the disparate findings, in the present
study we compared the effect of pH 6.8 with that of pH 7.0 to
determine whether the severity of the acidotic stimulus alters
the regulation of ammonia metabolism by LLC-PK1 cells. The
data indicate that while increased ammonia formation at pH 7.0
comes entirely from GLDH flux, the pH 6.8-induced increase in
ammonia formation is derived from flux through both the PDG
and GLDH pathways. In addition these studies further sup-
ported our prior conclusion that the low pH-induced increase in
alanine formation comes from the cytosolic glutaminase II
pathway.
Methods
Materials
LLC-PK1 cells were obtained from American Type Culture
Collection (CL 101) at passage 196 and were utilized between
passage 210 and 240. L-[5-'5N] glutamine and L-[2-'5N] glu-
tamine were purchased from Cambridge Isotope Laboratory,
USA. All other reagents were of high chemical grade.
Cell culture
LLC-PK1 cells were routinely cultured under continuous
rocked conditions as previously described [15]. In brief, cul-
tures were grown in a 50:50 mixture of Dulbecco's modified
Eagle's medium (DMEM) and Ham's F-12 medium supple-
mented with 10% fetal bovine serum and 2 mi'i glutamine.
These cultures were maintained in a humidified atmosphere of
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5% C02195% air at 37°C. Confluent cultures were passed by
trypsinization.
Studies with ['5N] glutamine
Chronically rocked LLC-PK1 cells were utilized for the
assessment of ammonia and amino acids formation as previ-
ously described [15]. Briefly, stock cultures were trypsinized
and subcultured in 60 mm dishes in minimal essential medium
(MEM) containing 10% fetal bovine serum and 2 mi glutamine.
Subconfluent cultures were washed with phosphate-buffered
saline (PBS) and incubated in Krebs-Hensleit buffer (KHB) of
either pH 7.4, 7.0, or 6.8 (obtained by appropriate modifications
of bicarbonate concentration) supplemented with 5 m glucose
and 1 m of either [5-'5N] glutamine or [2-'5N] glutamine.
Cultures were allowed to incubate for one hour at 37°C in a 5%
C02/95% air atmosphere. At the end of each incubation KHB
was removed and precipitated with 6% perchloric acid (PCA).
The PCA extracts were neutralized and subsequently used for
the assessment of ammonia and amino acids production. Ala-
nine, glutamate, and aspartate were determined using HPLC as
previously described [11, 12, 16]. Cells were digested with 0.5 N
NaOH and utilized for protein determination by the method of
Lowry et al [17].
Analysis of['5N] ammonia and ['5N] amino acids formation
Neutralized samples were analyzed for '5N enrichment in
ammonia, alanine, glutamate, and aspartate by the method of
GC-MS as previously described [11, 12, 16].
Measurement of intracellular glutamate concentration
To determine the intracellular levels of glutamate, LLC-PK1
cells were subjected to one hour incubation in KHB of pH 7.4,
7.0, or 6.8 containing 5 m glucose and 1 mri unlabeled
glutamine in a fashion similar to metabolites assessment. At the
end of each incubation KHB was removed and the cells were
lysed with 6% PCA. The PCA extracts were neutralized and
used for the determination of glutamate concentrations by
enzymatic spectrophotometric analysis as previously described
[15].
Calculations and statistical analyses
The rate of appearance of '5N-labeled ammonia and 15N-
labeled alanine, glutamate and aspartate were determined by
the product of their 15N enrichment (atom % excess/100) times
concentration and are expressed as nmol per hour per milligram
protein. Flux through the PDG pathway was considered to be
reflected by ['5N] ammonia formation from [5-'5N] glutamine
and through the GLDH pathway by ['5N] ammonia formation
from [2-'5N] glutamine [11, 12, 14]. Statistical analyses were
carried out by the use of either Student's t-test or ANOVA.
Results
Previous studies from our laboratory have shown that chron-
ically rocked LLC-PK1 cells incubated with [2-'5N] glutamine
exhibit equivalent increases in both total and ['5N]-labeled
ammonia formation in response to acute lowering of media pH
to 7.0 [14]. In the present study utilizing 5-N (amide) and 2-N
(amino)-labeled glutamine, we compared the effect of pH 6.8
with that of pH 7.0 to determine whether severity of the acidotic
Table 1. Response of '5N metabolites enrichment and production to
acute alterations in media pH by LLC-PK1 cells (N = 4)
From [5)5N] GIn From [2-'5N] Gln
pH NH3 NH3 Ala Glu Asp
'5N enrichment atom % excess
6.8 67.3±3 27.5±2a48.2±2 64.5±3 36.8±3
7.0 64.5±3 1951b5144 67.2±3 41.7±3
7.4 63.8 2 10.6 1 46.4 3 63.1 4 41.8 2
'5N production nmol/hr/mg
6.8 224 9fl 94 180 9 51.6 2 9.6 2
7.0 191±11
7.4 170 10 25 2 99 4 89.3 2 12.7 1
i6.8—7.0 33 45 16 —12 —3
Abbreviations are: Gin, glutamine; Ala, alanine; Glu, glutamate; Asp,
aspartate.
a P < 0.01 vs. respective pH 7.0
b p < 0.001 vs. respective pH 7.4
stimulus alters the metabolic site and overall ammonia metab-
olism by LLC-PK1 cells.
[15N] ammonia production
Ammonia enrichment and production were assessed from
LLC-PK1 cells incubated with glutamine labeled either at the
5-N or 2-N position. As shown in Table 1, one hour incubation
of cells at pH 7.4 resulted in 63.8% ammonia enrichment from
incubations with [5-'5N] glutamine and 10.6% ammonia enrich-
ment from incubations with [2-'5N] glutamine indicating that
63.8% and 10.6% of ammonia was derived from the amido and
amino-N, respectively. Lowering of media pH to 7.0 or 6.8 had
no significant effect on ['5N] ammonia enrichment from [5-15N]
glutamine (Table 1). In contrast, cells incubated with [2-'5N]
glutamine exhibited a significant increase in ['5N1 ammonia
enrichment at pH 7.0 which was enhanced further at pH 6.8
when compared with the rates of enrichment at pH 7.0 (Table
1).
Substantial amounts of ['5N] ammonia (170 10 nmollhr/mg)
were produced at pH 7.4 from incubations with [5-'5N] glu-
tamine (Fig. I). Lowering the media pH to 7.0 did not exert any
significant effect on ['5N] ammonia formation (191 11 nmoll
hr/mg) from [5-15N1 glutamine (Fig. 1). This is similar to our
prior observations which also showed no significant increase in
[15N] ammonia production from [5-'5N} glutamine at pH 7.0
[14]. By contrast, further lowering the media pH to 6.8 in-
creased ['5N] ammonia formation significantly (224 9 nmoll
hr/mg, P <0.01) in comparison to the rates of [15N] ammonia
production at pH 7.0 and pH 7.4, respectively (Fig. 1).
LLC-PK1 cells incubated at pH 7.4 with [2-15N] glutamine
also produced ['5N] ammonia (Fig. 2, 25 2 nmol/hr/mg), but
the quantity was substantially less than the basal rate of ['5N]
ammonia formation with [5-'5N] glutamine (Fig. 1). [15N] am-
monia formation from [2-'5N] glutamine increased significantly
in cells exposed to pH 7.0 media (49 4 nmol/hr/mg, P < 0.01)
and was further stimulated at pH 6.8 (94 6 nmol/hr/mg, P <
0.001) (Fig. 2).
['5N] alanine production
Previous studies from our laboratory have demonstrated that
LLC-PK1 cells incubated at pH 7.4 produce a significant
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Fig. 2. Response of['5N] ammonia production to acute alterations in
media pH from incubation with [2-'5NJ glutamine. pH 7.4, 7.0, and 6.8
incubations were carried out in a fashion similar to Fig. 1. Bars are
means and error lines are SE of 4 separate determinations. <0.01
compared with pH 7.4 and P < 0.001 compared with pH 7.0.
amount of alanine, presumably by the cytosolic glutamine
transamination reaction which is stimulated by pH 7.0 [14, 18].
In the present study, we assessed the metabolic fate of ['5N]
alanine from incubations with [5-15N] and [2-'5N] glutamine
under basal (pH 7.4) and acute acidotic conditions of pH 7.0 and
pH 6.8, respectively. No enrichment of ['5NJ alanine was
detected from incubations with [5-15N] glutamine under both
basal and acute acidotic conditions of pH 7.0 and 6.8 (data not
shown). Incubation of the cells with [2-'5N] glutamine resulted
in 46.4% ['5N] alanine enrichment. Neither pH 7.0 nor 6.8 had
a significant effect on ['5N] alanine enrichment from [2-'5N1
C
a)0
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E
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glutamine in comparison with the enrichment at pH 7.4 (Table
1).
Similar to our previous studies [14], LLC-PK1 cells incubated
with [2-'5N] glutamine produced substantial amounts of ['5N]
alanine at pH 7.4 (99 4 nmollhr/mg), which was stimulated
significantly by acutely lowering the media pH to 7.0 (164
11 nmol/hr/mg, P < 0.001, Fig. 3). However, further lowering of
the media pH to 6.8 had no significant effect on ['5N] alanine
production (180 9 nmol/hr/mg) when compared with the rate
of formation at pH 7.0 (Fig. 3).
['5N] glutamate and aspartate production
Incubation of cells with [2-'5N] glutamine resulted in substan-
tial amounts of glutamate and aspartate enrichments at pH 7.4
which were unaltered by the acute changes in media pH (Table
1). No detectable amounts of either glutamate or aspartate
enrichments were observed from incubations with [5-'5N] glu-
tamine. Cells incubated with [2-'5N] glutamine resulted in
89.3 1.9 nmol/mg/hr of ['5N] glutamate production, which
was significantly reduced at pH 7.0 (63.9 3.6, P < 0.001).
Further lowering of media pH to 6.8 resulted in significantly
lower ['5N} glutamate accumulation when compared with pH
7.0 (51.6 1.5, P <0.01).
LLC-PK1 cells incubated with [2-'5N] glutamine also pro-
duced [15N] aspartate at pH 7.4 (12.7 0.5 nmollmglhr). Acute
changes in media pH had no significant affect on ['5N] aspartate
production at both pH 7.0 (12.6 1.7 nmollmg/hr) and pH 6.8
(9.56 1.65 nmol/mg/hr) when compared with its production at
pH 7.4.
Effect of acute acidosis on intracellular glutamate
concentration
Intracellular levels of glutamate were assessed in LLC-PK1
cultures exposed for one hour in Krebs-Hensleit buffer of pH
300
from [5-15NJ glutamine
200
100
from [2-15N] glutamine
300
200
100
0
Fig. 3. Response of ['5NJ alanine formation to acute alterations in
media pHfrom incubation with f2-'5NJ glutamine. LLC-PK1 cultures
were subjected to pH 7.4, 7.0, and 6.8 incubations in a fashion similar
to Fig. I. Bars are means and error lines are SE of 4 separate
determinations. *P < 0.001 compared with pH 7.4. NS is not significant
compared with pH 7.0.
]
pH 6.8 pH 7.0 pH 7.4
Fig. 1. Response of["N] ammonia production to acute alterations in
media pHfrom incubation with [5-'5N] glutamine. LLC-PK1 cells were
incubated for one hour in KHB of pH 7.4, 7.0, and 6.8 as described in
Methods. Bars are means and error lines are SE of 4 separate
determinations. p < 0.01 compared with pH 7.0 and NS is not
significant compared with pH 7.4.
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7.4, 7.0, and 6.8. Incubation of the cells at pH 7.0 significantly
lowered intracellular levels of glutamate in comparison with
pH 7.4 (in nmollmg protein; pH 7.4 61.2 2.9 and pH 7.0 =
47.9 1.8, P <0.01). However, further lowering of the media
pH to 6.8 had no significant effect on intracellular glutamate
levels (47.6 1.1 nmol/mg protein) when compared with pH
7.0.
Discussion
The results of the present study utilizing [5-15N] and [2-'5N]
glutamine and GC-MS spectroscopic analysis indicate that the
severity of the acidotic stimulus is a determining factor in the
regulation of pathways of ammoniagenesis by LLC-PK1 cells.
While the acute lowering of media pH to 7.0 stimulated ammo-
nia production entirely by an increase in flux through the
mitochondrial GLDH pathway (Fig. 4A); further reduction of
the media pH (pH 6.8) not only further enhanced flux through
GLDH, but also significantly increased 5-'5N ammonia produc-
tion, reflecting increased flux through PDG (Fig, 4B).
Previous studies from our laboratory utilizing LLC-PK1
cultures and [5-15N] and [2-15N]-labeled glutamine indicated
that the intramitochondnal PDG and GLDH are the predomi-
nant pathways involved in the basal production of ammonia and
the response to acute acidosis [14]. Consistent with our prior
results, the present study confirms that basal ammonia forma-
tion at pH 7.4 is generated predominantly from glutamine
deamidation largely by the mitochondrial PDG pathway, with
minor amounts generated by deamination via flux through
GLDH (Figs. 1 and 2).
Acute exposure of LLC-PK1 cells to pH 7.0 significantly
increased '5N ammonia formation from [2-'5N] glutamine,
without any significant change in '5N ammonia production from
[5-'5N] labeled glutamine. These findings indicate that an acute
acidotic stimulus of pH 7.0 increases ammonia formation by
selectively stimulating flux through the GLDH pathway. This is
consistent with our prior studies in LLC-PK1 cells [14], cul-
tured rat kidney cells [11], and cultured human cortical epithe-
hal cells [12], but contrasts with a report using the rat isolated
perfused kidney, wherein the mitochondrial PDG pathway
appeared to play a major role in the acute low pH regulation of
ammoniagenesis [13].
To further investigate this disparity in the pathways of
ammoniagenesis stimulated by acute acidosis, the effect of an
acute reduction to pH 6.8 was examined. In contrast to pH 7.0,
pH 6.8 stimulated ammonia production from both 2-'5N and
5-'5N glutamine. Since our previous studies discounted any
significant involvement of either the y-glutamyl transpeptidase
or glutaminase II pathways in the acute pH regulation of
ammoniagenesis [14, 15, 18, 19], these findings suggest that the
pH 6.8-induced increase in ammonia formation comes from an
increase in flux through both the GLDH and PDG pathways.
Stimulation of increased flux through PDG by pH 6.8 could
result from two mechanisms : (i) The additional stimulation to
flux through GLDH could further lower glutamate levels
thereby deinhibiting PDG sufficiently to permit enhanced flux
through this step. (ii) pH 6.8 might be sufficently low to directly
stimulate mitochondrial glutamine uptake by activating the
glutamine transporter. If mechanism one obtained lower gluta-
mate levels would be expected at pH 7.0, whereas if mechanism
two were predominant the glutamate levels would be expected
to be higher at pH 6.8 than pH 7.0. However, the experimental
data demonstrated virtually identical intracellular glutamate
levels at pH 6.8 and pH 7.0. This could reflect either insufficient
sensitivity of the measurement, the limitation of measuring total
cellular rather than selective intramitochondrial glutamate con-
centration, or the possibility that mechanisms one and two were
both acting in concert. Our data do not permit a resolution
between these alternatives.
A quantitative analysis of metabolite balances in our previous
studies suggested that the increase in alanine formation at pH
7.0 comes from glutamine transamination through the glutamine
aminotransferase (glutaminase II) pathway (Fig. 4) [14, 18]. In
that study we found that it was quantitatively impossible for the
increased alanine produced at pH 7.0 to result from glutamate
transamination and also detected increased accumulation of
a-ketoglutaramate at pH 7.0, confirming an increase in glu-
tamine transamination. In the current study, in contrast to
further stimulation of ammonia formation from both 2 and 5
N-labeled glutamine, pH 6.8 had no additional stimulatory
effect on '5N alanine formation. The lack of a further increase in
'5N alanine formation at pH 6.8 supports the view that the
glutaminase II pathway does not account for the increase in '5N
ammonia production from [5-15N] glutamine at pH 6.8. This
conclusion is further supported by an analysis of the '5N
ammonia flux data in concert with the data on '5N glutamate
and 15N aspartate accumulation and intracellular glutamate
concentration (Table 1). If there were no increase in flux
through PDG, the increase in flux through GLDH (that is,
ammonia production from [2-15N] glutamine) should produce a
clearcut decrease in intracellular glutamate concentration. The
observed lack of change in intracellular glutamate concentra-
tion supports the view that the pH 6.8 induced increase in '5N
ammonia production from [5-15N] glutamine results from in-
creased flux through PDG rather than glutaminase II pathway.
Thus, the findings at pH 6.8 are consistent with our previous
notion that alanine and ammonia are derived from two distinct
pathways, that is, that the increase in ammonia formation under
acute acidotic conditions comes from mitochondrial pathways
whereas alanine formation derives from the cytosolic glutamine
transamination pathway.
In summary, studies with [15N] glutamine indicate that while
under conditions of acute acidosis to pH 7.0 increased ammonia
production comes entirely from GLDH flux, the pH 6.8-induced
increase in ammonia formation is derived from both the mito-
chondrial PDG and GLDH pathways. Furthermore, enhanced
alanine formation at both pH 7.0 and pH 6.8 is derived from the
cytosolic glutaminase II pathway even though this pathway
does not contribute to increased ammonia formation by LLC-
PK1 cells. These studies indicate that a more severe acute
acidotic stimulus recruits the PDG pathway to assist the GLDH
pathway in the enhancement of ammoniagenesis. Although our
data are limited to LLC-PK1 cells, they do raise the possibility
that differences in the intensity of the acidotic stimulus may
account for, in part, some of the disparities between prior
reports.
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